
CSlRO PUBLISHING 

w.publish.csiro.auijoutnals/ijwf International Journal of WildIand Fire, 2006, 15,3-17 

Prediction and measurement of thermally induced cambial tissue 
necrosis in tree stems 

Joshua L.  ones^, Brent K tlbbA? Bret K ~ u t l e p ,  Matthew B. Dickinsonc, 
Daniel JimenezB, James  eard don^ and Anthony S.   ova^ 

A~epartment of Mechanical Engineering, Brigham Young University, Provo, UT 84602, USA. 
'USDA Forest Service, Rocky Mowtain Research Station, Fire Sciences Laboratory, 

Missoula, MT 59808, USA. 
'USDA Forest Service, Northeastern Research Station, Delaware, OH 43015, USA. 

D~orresponding author. Email: webb@byu.edu 

Abstract. A model for fire-induced heating in tree stems is linked to a recently reported model for tissue necrosis. 
The combined model produces cambial tissue necrosis predictions in a tree stem as a function of heating rate, heating 
time, tree species, and stem diameter. Model accuracy is evaluated by comparison with experimental measurements 
in two hardwood and two softwood species: red maple (Acer rubrum), chestnut oak (Quercus prinus), ponderosa 
pine (Pinus ponderosa), and Douglas-fir (Pseudotsuga menziesii). Results are promising, and indicate that the 
model predicts stem mortality/survival correctly in -7540% of the test cases. A limited sensitivity analysis of 
model kill depth predictions suggests that the model is more sensitive to required input data for some species than 
for others, and that the certainty in predicting vascular cambium necrosis decreases as stem diameter decreases. 

Introduction 

Methods for predicting tree or shrub mortality caused by 
thermal injury from fire can be useful for understanding 
and predicting post-fire forest composition and to guide land 
managers' decisions (Martin 1963; Peterson and Ryan 1986; 
Hengst and Dawson 1994; Durcey et al. 1996). A tree may be 
killed by the effects of heating on the roots and crown indi- 
vidually or by the combined effects of root, stem, and crown 
heating (Dickinson and Johnson 2001). In the present study, 
we focus on stem vascular cambium necrosis as one cause 
of tree death in fires. What is needed for predicting vascular 
cambium necrosis from flames is a heat transfer prediction 
linked with some method for predicting cambial tissue necro- 
sis (Martin 1963). The linking of thermal transport models 
and tissue necrosis models was proposed by Martin (1963) 
for stems and further developed by Mercer et al. (1994) and 
Dickinson and Johnson (2004). However, such a linked deter- 
ministic model has not yet been presented and validated. This 
paper describes a research model consisting of a thermal sim- 
ulator that includes a more complete accounting of energy 
sink terms than previously published models (Jones et at. 
2004), and a cellular necrosis mode1 that accounts for the 
rate dependence of tissue necrosis during heating (Dickinson 
and Johnson 2004; Dickinson et al. 2004). The development, 
validation, and sensitivity analysis of such a linked model has 

not been reported previously nor is the model in its present 
form formulated to be used operationally by land managers. 

Models for predicting fire-induced tree mortality may be 
loosely classified into two general categories: empirical and 
theoretical. For the purposes of this study, empirical models 
are defined as those based primarily on statistical correlations 
of experimentally measured fire behavior and tree mortal- 
ity. It is presumed in their development that the biological 
and physical processes governing the heating and subsequent 
plant injury are implicitly included in the correlations. Empir- 
ical models and methods presented to date have attempted to 
utilize visual indicators of fire intensity such as surface fuel 
consumption, stem height scorch or degree of canopy scorch 
to predict tree mortality. Theoretical models, on the other 
hand, are based primarily on a mathematical treatment of the 
physical processes that govern the energy transfer through the 
stem, yielding a prediction of the local temperature history 
within the stem and the resulting local tissue response. Some 
empiricism is always present in the submodels comprising the 
theoretical model (e.g. correlations for thermal conductivity). 

Empirical methods 

Early efforts to predict fire effects on trees focused on devel- 
oping rules for predicting tree mortality based on observed 
fire indicators (Flint 1925; Starker 1934; McCarthy and Sims 
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1935), and quantifying the thermal environment characteris- 
tic of fires and the response of plant stems to fire-induced 
heating (Shirley 1936; Martin and Davis 196 1; Kay11 1963; 
Martin 1963; Fahnestock and Hare 1964; Hare 1965a, 19653; 
Gill and Ashton 1968; Ryan and Frandsen 199 1). Others 
sought to measure the thermal and physical characteristics 
of wood and bark required by theoretical models (Spalt 
and Reifsnyder 1962; Kay11 1963; McArthur 1967; Lamb 
and Marden 1968; Martin and Crist 1968; Vines 1968). 
Still others explored the interaction between low intensity 
fires and scarring of tree stems (Nelson 1952; Gill 1974; 
Tunstall et al. 1976; Peterson and Arbaugh 1986,1989; Wyant 
et al. 1986; Harrington 1987, 1993; Saveland et al. 1990; 
Hengst and Dawson 1994; Russell and Dawson 1994; Gutsell 
and Johnson 1996; Ryan 1998). Peterson and Ryan (1986) 
combined the work of these earlier studies with additional 
experimental observations to develop empirical correlations 
for predicting the probability of plant mortality due to heat- 
ing. The correlations developed by Peterson and Ryan (1 986), 
Ryan and Reinhardt (1 988), and Greene and Schilling (1987) 
form the primary basis for the tree mortality prediction sys- 
tems currently used by forest managers in North America. 
Very recent work by Bova and Dickinson (2005) follows a 
correlative approach to linking fire behavior and subsequent 
tissue necrosis. 

Theoretical methods 

Theoretical models for predicting fire-induced tissue 
heating have included both analytical and numerical mod- 
eling efforts. Mercer et al. (1994) and Mercer and Weber 
(2001) solved the one-dimensional differential heat conduc- 
tion equation analytically, and estimated mortality of fruit 
from definitions of time-to-necrosis at a range of fixed tem- 
peratures. Dickinson and Johnson (2001, 2004) coupled an 
analytical solution for the unsteady temperature distribution 
in an infinite-slab approximation of the stem with a rig- 
orous, thermally induced tissue necrosis model. Rego and 
Rigolot (1 990) used Taylor-series finite differencing to solve 
numerically the heat conduction equation to predict thermal 
response to heating, but no prediction of mortality was made. 
Costa et al. (1990) employed a two-dimensional numer- 
ical control-volume approach with temperature-dependent 
thermal properties, but did not account for spatial varia- 
tions in moisture and its effect on energy transfer. Keane 
(1991) included a spatially varying treatment of moisture 
and its non-linear temperature dependence, but this numerical 
model was not compared against experimental data. Steward 
et al. (1990) examined root heating, developing a numer- 
icaI model to predict the temperature-time behavior as a 
function of root depth for mineral soil exposed to a fire. 
Potter and Andresen (2002) followed a two-dimensional 
approach to numerically simulate the temperature variation 
in a tree stem due to diurnal variations in solar heating. 

Their model was not intended to predict temperature vari- 
ations due to heating by fire and, therefore, included no 
prediction of thermal damage. Jones et al. (2004) presented 
a one-dimensional heat conduction model that included 
temperature- and moisture-dependent themophysical prop- 
erties, incorporating submodels for desiccation, charring, 
pyrolysis, and spatially varying moisture distribution. Three 
of the theoretical models described previously use a known 
surface temperature boundary condition (Costa et al. 1990; 
Rego and Rigolot 1990; Keane 1991). By contrast, Steward 
et al. (1990), Potter and Andresen (2002) and Jones et al. 
(2004) specified an energy flux boundary condition rather 
than temperature. This is significant from a thermal modeling 
standpoint as incident energy flux is more readily obtained 
from fire behavior descriptors than stem surface tempera- 
tures, and further, prediction of the local temperature history 
in a stem subject to an imposed surface heat input requires 
a more rigorous accounting of energy than is the case for an 
imposed surface temperature. 

irissue necrosis 

The traditional methodology for defining mortality due to 
fire-induced heating of tree stems has been to define a tem- 
perature typically between 55°C and 60°C as the lethal 
temperature limit at which tissue necrosis occurs instan- 
taneously (Brown and DeByle 1987; Gutsell and Johnson 
1996). While the lethal temperature concept may give a useful 
estimate for predicting tree mortality, Shirley (1936), Lorenz 
(1 939), and later Martin (1 963) recognized the shortcomings 
of such an approach. Dickinson and Johnson (2001) showed 
that this approach is not intuitively sound from a biological 
perspective. The process of thermally induced cell and tissue 
impairment in plants is rate-dependent, governed both by the 
heating rate (and thus, temperature magnitude) and duration 
of exposure (Lorenz 1939; Hare 1961; Kay11 1963; Martin 
1963; Levitt 1980; Caldwell 1993; Dickinson and Johnson 
2004; Dickinson et al. 2004). 

Recognizing the shortcomings of a simple lethal tempera- 
ture threshold approach, Martin (1963) built on earlier work 
by Silen (1960), proposing a method for predicting tissue 
necrosis that simulates the cumulative thermal injury to the 
cambium. The advantage of this method is that it accounts for 
the effect of both long-term, low-temperature heating and/or 
short-term, high-temperature heating on plant tissue mortal- 
ity. However, Silen's model included data only fiom Douglas- 
fir (Pseudotsuga menziesii). While the coupling of thermal 
transport models and cell necrosis models was proposed by 
Martin (1 963), such a coupled model was not developed. 

Using the large body of theory and data on thermal toler- 
ance ofboth plant and animal tissues (e.g. Johnson et al. 1974; 
Levitt 1980), Dickinson (2002), Dichnson and Johnson 
(2004) and Dickinson et al. (2004) proposed a rate-process 
model to describe the impairment of tissues exposed to 
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time-varying, elevated temperatures. In that methodology 
cambial tissue impairment is based on species-specific, 
temperature-dependent rate parameters. This is the model 
utilized in the present study. 

Because no models linking thermal transport with tissue 
necrosis have been presented, techniques for quantifLing the 
accuracy of the model have not been established. In the past, 
thermal model performance was evaluated by comparing 
measured and predicted cambial temperature histories (Costa 
et al. 1990; Rego and Rigolot 1990; Jones et al. 2004). How- 
ever, such an approach does not evaluate the linking between 
thermal and tissue necrosis simulators. 

For this study two indicators of model accuracy were 
explored by comparing measured and predicted (i) depth-of- 
kill, and (ii) local cambial tissue viability. Comparisons are 
made for red maple (Acer mbmm) and chestnut oak (Quercus 
printls) with depth-of-kill measurements determined post- 
mortem using a chemical stain technique (Kayll 1963). This 
technique was determined to be unreliable for ponderosa 
pine (Pinus ponderosa) and Douglas-fir (Pseudotsuga men- 
ziesii) and, therefore, a modified approach was developed to 
assess the accuracy of the linked model predictions for these 
species. For these softwood species, the model's capability to 
accurately predict whether or not the cambial tissue is killed 
subject to predicted and measured cambial temperature his- 
tories was compared. The results of the model evaluations are 
presented and their implications are discussed. 

Stem heating model 

The numerical heat transfer model used in this research is 
described and validated in detail elsewhere (Jones et al. 

time-dependent heat flux boundary condition at the stem 
surface, the heat flux boundary condition is employed here. 

The stem heating model is capable of predicting tem- 
peratures as a function of time for discrete numerical grid 
points deployed radially within the tree stem. The appropriate 
diEerentia1 equation governing the conservation of energy 
through the stem is "iscretized' or formulated to simulate 
the continuous temporal response through discrete but small 
computational steps in both space and time, resulting in an 
energy balance on each cell. After a thorough study, 600 spa- 
tial cells were used with a time step of 1/16 s (Jones et al. 
2004). The resulting nominally linear algebraic equations are 
then solved for local temperatures within the small spatial 
cells at discrete time steps during the heating process, thereby 
providing a prediction of the temperature profile within the 
stem at each time step. Kayll (1963) described the exte- 
rior surface of many trees as consisting of a 'plate-fissure' 
structure where 'plate' refers to the outermost region of max- 
imum bark thickness and 'fissure' to the crevasses between 
the plates. Kayll concluded that energy transfer through the 
plates rather than the bark fissures is the limiting factor. The 
model described herein adheres to Kayll's assumption. 

Tissue necrosis model 

The thermally caused impairment of tissues or mortality in 
populations of cells may be described by a rate equation that 
models the rate of decline in tissue viability (i.e. tissue impair- 
ment) as being proportional to current viability (Dickinson 
and Johnson 2001,2004; Dickinson et al. 2004) 

2004)~ and is only f 4 ~ ~ ~ ~ ~ ~ ~ d  here. The mode1 is a One- where Y is viability (-), t is time (s), and K is a species- 
dimensional heat conduction prediction in a cylindrical specific, temperature-dependent rate parameter (s- I ). Since 
coordinate 'ystem where temperature is a function tissue temperature varies with time as trees are heated in fires, 
of position in the of the the rate parameter is thus time-dependent. The temperature- 
stem, T = T(r). The simulation includes various dependence of the rate parameter has been described using 
dependent phenomena such as desiccation, devolatilization, an Arrhenius relation (Dickinson et 2004): 
charring, and bark swelling (where appropriate), all of 
which represent energy absorption mechanisms. Jones (2003) 
showed that asymmetric heating around the stem can be sim- 
ulated with one-dimensional heat transfer provided that the 
stem diameter is greater than -4cm. Thus, non-uniform, 
two-dimensional heating can be simulated by applying the 
one-dimensional model at discrete circumferential locations 
around the stem. This is the protocol that would be fol- 
lowed for operational use of this model. Required inputs 
to the model include geometric information (stem diameter, 
inner and outer bark thickness), thermophysical properties 
(thermal conductivity, density; and specific heat) and their 
moisture and temperature dependence for the various layers, 
and radial variation of moisture content in the stem. W i l e  
the model is capable of simulating the stem response to an 
imposed stem surface temperature history or an imposed 

u(t) = A exp - - [ R:(t) I 
where A is the pre-exponential factor (s-I), E is the acti- 
vation energy (Jmol-I), R is the universal gas constant 
(8.3 1 J mol- ' K- ' ), and T(t) (K) is the temperature at time t. 
The rate parameters (A and E)  in Eqn (2) are species specific, 
and must be determined in laboratory experiments. These 
parameters have been measured experimentally for the four 
species for which the combined model has been evaluated 
here (Dickinson et al. 2004) and are summarized in Table 1. 

Linked model 

The stem heating model predicts the temperaturetime his- 
tory at discrete radial locations through the tree stem. Given 




























